The aerodynamic and structural performance of a morphing wing concept, based on fully compliant structures and actuated by closed-loop controlled solid state piezoelectric actuators, is investigated numerically and experimentally. The morphing wings are designed for a 1.75-m-span unmanned aerial vehicle operating at up to 30 m∕s, following lightweight aeronautical construction principles. The goal of providing roll controllability exclusively through morphing is achieved with a concurrent aerostructural optimization, considering static and dynamic aeroelastic effects. The aeroelastic response of the wings is experimentally assessed through wind tunnel tests, performed at different speeds, angles of attack, and actuation levels. The test campaign confirms the ability to achieve lift and rolling moment variations while maintaining a high aerodynamic efficiency, and the results closely match the numerical predictions. An 8-min flight test is performed by replacing the unmanned aerial vehicle wings with the morphing system, demonstrating the capabilities of the concept in its operational environment. This experimental assessment confirms the performance of the design, its robustness, and the possibility of implementing the morphing concept and the required high-voltage control system in small unmanned aerial vehicles. Ultimately, the results show the possibility of replacing the conventional ailerons of similarly sized airplanes with the proposed solution, achieving significant efficiency improvements while guaranteeing controllability.
I. Introduction S TATE-OF-THE-ARTwings are designed to be rigid, and the adaptivity required to provide additional functionality is commonly achieved by means of moveable components and surfaces. These elements are very effective for obtaining the desired aerodynamic response, normally represented by a variation of the local lift coefficient. However, due to the unavoidable presence of gaps between panels, the discrete and abrupt changes in curvature caused by the rigid movements of the surfaces, and the inability of achieving continuous variations of the airfoil shape along the wingspan, these solutions cause a significant drag increment. Smooth shape changes of the entire wing, on the other hand, offer the possibility of achieving variations of the aerodynamic forces with limited drag penalties. Furthermore, given the limited increment in shape drag and induced drag produced by morphing, it is conceivable to exploit the shape adaptation of lifting surfaces throughout the various phases and over the whole duration of the flight [1, 2] . A noteworthy example of this approach is represented by the Mission-Adaptive Wing (MAW) developed during the Fighter Technology Integration for the F-111A fighter (AFTI/F-111A) project, which relied on smooth variations of the wing camber to alter its aerodynamic properties: wind tunnel experiments and flight tests demonstrated the possibility of increasing the aerodynamic efficiency throughout the various flight conditions encountered in the course of a mission [3, 4] . Additional benefits attainable with this technique include augmented maneuverability, load control, and gust alleviation [5] . In more recent years, the Defense Advanced Research Projects Agency (DARPA)/U.S. Air Force Research Laboratory (AFRL) Smart Wing projects [6, 7] and the investigation and tests performed by FlexSys [8] have highlighted once more the aerodynamic potential offered by morphing, additionally demonstrating the possibility to perform the required shape changes through the use of compliant mechanisms, reducing the complexity, the parts count, the wear, and the mass of the resulting system.
Among the various devices that can be used to introduce mechanical energy in compliant systems, a very promising class is represented by actuators based on smart materials. When these solid state transducers are used as actuators, they convert a source of energy to the mechanical domain, thereby actively generating stresses and strains. Their monolithic nature is key to allow integration within the structure, resulting in a distribution of the active material over large surfaces or volumes. Owing to this high degree of integration, they can perform load-carrying tasks, thus improving the structural efficiency of the resulting design. Furthermore, by being distributed, they introduce mechanical energy over a large area (or volume) and hence do not require local reinforcements for load-introduction purposes. Miniaturization is also easily achieved, because the actuation capabilities are intrinsic to the material.
The main disadvantage of smart materials-based actuators is related to their limitations in terms of achievable active strain, blocking stress, or actuation frequency. Their actuation characteristics vary widely according to the physical principle they are based upon but, as of now, no solution is capable of excelling in all three aspects. This limitation is reflected in the characteristics of state-of-theart compliant morphing wing designs relying on these transducers to achieve active deformations and in the limited number of demonstrators that reached sufficient maturity to enable wind tunnel and flight tests. The following paragraphs aim to briefly summarize the key characteristics and design philosophies of these demonstrators.
Morphing structures relying on shape-memory alloys [9] [10] [11] [12] [13] are inherently characterized by comparatively long time scales, owing to the slow response time characteristic of the smart materials-based actuators. They are thus not well suited to replace primary flight controls; however, they can be used to adapt to different, slowly changing flight conditions. Morphing systems actuated by electroactive polymers (EAPs) target radically different applications [14, 15] : this membrane-type actuator is often used to fulfill the dual task of covering the internal structure of the wing (hence becoming part of the aerodynamic surface) and of providing mechanical energy. Such systems present a difficult design problem, given the large stiffness mismatch between EAP-based actuators and conventional lightweight loadcarrying materials.
Impedance matching of ceramic piezoelectric actuators and lightweight structures is comparatively simpler, due to the higher stiffness of the ceramics. Morphing techniques aiming to achieve active twist, for the specific case of rotor blades, is to some extent simplified by the extreme slenderness of these structures in comparison to airplane wings. Past investigations [16, 17] have shown the possibility of achieving appreciable twist angles of these compliant structures by means of comparatively large amounts of active materials applied to common rotor-blade structural designs. The resulting morphing capabilities permit the reduction of cyclic loads and vibrations, and therefore are of definite interest for the fields of rotorcrafts and wind turbines [18, 19] , despite the differences in operational parameters and design criteria between these two applications.
Application of piezoelectric actuators to aeronautical structures, aiming to vary the twist or the shape of airplane wings with the goal of improving maneuverability or aerodynamic efficiency, is hampered by the extremely small active strain achievable by these devices. To achieve sufficient deformations, the majority of projects exploit stroke amplification techniques, consequently reducing the attainable forces. As a result, they are applied to small-scale, slow-flying vehicles, whose deformable structures are characterized by the highest possible compliance. Barrett et al. [20] used a piezoelectric bender actuator to twist and bend the all-moving control surfaces of a model airplane characterized by low wing loading. Pinkerton and Moses [21] aimed to change the thickness of the wing profile by displacing, with a piezoelectric bender actuator, a latex membrane covering the upper surface of the airfoil. Bender actuators were also used as active compliant hinges for the control surfaces of the model airplane developed by Eggleston et al. [22] , with the gap between the front load-carrying section and the rear moveable surface covered by an elastomeric skin. This approach was brought to an extreme by Vos et al. [23] : their concept featured a narrow trailing-edge plate connected with the leading-edge D-nose by cantilever piezoelectric actuators. Once more, the wing surface was an elastomeric skin, stretched from the rear of the D-nose to the trailing edge.
Another approach was pursued by Bilgen et al. [24] and by Paradies and Ciresa [25] : their morphing wing demonstrators were characterized by an airfoil with virtually zero thickness. The former study relied on a single composite plate with a reflex mean line, whereas the latter added a closed section at the front of the wing. Actuation was provided by Macro-Fiber Composite (MFC) piezoelectric elements in unimorph configuration. Extreme compliance of the morphing section was a characteristic of the morphing unmanned aircraft developed by Bilgen et al. [26] : the passive D-nose of the wing surfaces and tail empennage was followed by a 25.4-μm-thick metal plate (forming the rear part of the profiles) that is actively deformed by piezoelectric elements in bimorph configuration. The demonstrator managed to perform some flights but manifested unacceptable control delays and hysteresis, caused by lack of actuation controllers, and suboptimal high voltage supply and control circuits.
Another design by Bilgen et al. [27] , featuring finite airfoil thickness over its entire chord, relied on two sets of bimorph actuators, respectively located on the lower and upper side of the profile, to provide active deformation of the rear section. A flexible wingbox akin to a four-bar mechanism, located at the front of the compliant section, permitted shape changes and carried spanwise loads. A similar design was proposed by Pankonien [28] , relying once more on a compliant four-bar mechanism connecting two 25.4-μm-thick metal plates, forming the upper and lower side of the profile, that are actively deformed by unimorph piezoelectric actuators. This secondary spar enabled active deformation of the rearward section of the airfoil and connected the assembly to the rigid front section of the wing. Being a modular component, each "active rib" could be actuated independently from the others, and the continuity of the wing surface in the spanwise direction was obtained through an elastomeric skin supported by 3-D printed honeycomb. A final evolution of the concept from Bilgen and Friswell [29] featured optimized skin thickness and actuators position; the compliant wingbox was replaced by a solid monolithic spar glued to the lower side of the wing, permitting movements of the unsupported upper surface.
The introduced concepts highlight the compromises that designers accepted to compensate for the limitations of the smart-material-based actuators. Most designs aimed at maximizing the amplitude of the deformation achieved by the compliant elements. Large deflections are obtained by maximizing the compliance, transforming the compliant control surfaces-and in some cases the entire wing -into a thin plate, and by replacing load-bearing skins with soft membranes. Similarly, by not imposing a particular shape to be achieved by the active deformation, the internal structure guiding the active deformation of the wing is removed, leading to the absence of a structural path for external loads other than the actuators themselves. A consequence of this approach is the limited stiffness of the resulting design, leading to potential static and dynamic instability problems. (Most of the aforementioned designs have been tested by the respective authors at speeds in the range of 10-16.5 m∕s, with the exceptions represented by the comparatively stiff design proposed by Bilgen [29] reaching 22.8 m∕s and by the design studied by Pankonien [28] experiencing skin flutter at 12 m∕s when using the honeycomb-supported elastomeric skin.) Furthermore, these design choices jeopardize the aerodynamic potential offered by airfoils and nullify the advantageous lightweight structural characteristics of closed profiles. Moreover, designing without consideration for the load-carrying capabilities and for the aerodynamic performance significantly affects the primary functionalities of the resulting compliant wings, limiting the applicability of these concepts to technology demonstrators.
These reasons motivated the study presented by Molinari et al. [30] , aimed at designing and manufacturing a selectively compliant wing relying on piezoelectric smart materials as actuators. The design methodology proposed in the aforementioned investigation can identify the combination of design variables, describing the morphing wing structure, that maximizes its resulting aerodynamic performance while satisfying load-carrying and aeroelastic stability criteria. A 3-D static aeroelastic analysis tool is used to assess the behavior of the wing under the influence of aerodynamic forces and with the activation of the actuators. In this way, the optimization considers and solves the crucial tradeoff between load-carrying capability and compliance [19] . A pair of morphing wings, designed with the aim of achieving sufficient roll authority to allow the controllability of a model airplane at flight speeds up to 30 m∕s, was manufactured and mechanically tested.
The primary goal of the work presented in this contribution is to evaluate experimentally, through wind tunnel and flight tests, the aerodynamic performance of the manufactured morphing wings. Of primary interest is the assessment of the compliant wings' ability to achieve sufficient roll control authority by means of active morphing. In Sec. IV, the experimental results, obtained at various conditions in the wind tunnel, are compared with the performance of the original wings based on conventional ailerons. In addition, the ability of the wing to achieve variations in lift is evaluated. In this maneuver, the compliant surfaces on both wings are deflected symmetrically, similar to conventional flaps. This investigation assesses the possibility of improving the aerodynamic efficiency at different flight conditions by actively changing the airfoil shape as opposed to varying the aircraft pitch attitude. This maneuver was not considered in the optimization objectives; therefore, the resulting performance benefits are obtained in an off-design condition and thus highlight the potential of morphing.
A second goal of this contribution is to validate the numerical methods used to evaluate, during the optimization phase, the response of the coupled 3-D aerodynamic and structural systems. A stereoscopic digital image correlation system is used to measure the displacement field of the wing surface during wind tunnel experiments. The validation of the fluid-structure analysis code is performed by comparing the numerical predictions, both in terms of active and passive displacements and in terms of aerodynamic performance, with the experimental results obtained from the wind tunnel tests.
A final demonstration of the capabilities of the developed morphing system is obtained by means of flight tests. The original wings with conventional ailerons of the model airplane ¶ were replaced with the proposed morphing system, and the resulting performance was measured in the operative environment of the model airplane. Additionally, this operation shows the possibility of integrating the necessary high voltage supply and control system in the small-scale unmanned aerial vehicle (UAV) used for the experiment and, crucially, demonstrates the technological maturity achieved by the entire morphing system. The paper is organized as follows: Sec. II introduces the morphing concept, the multidisciplinary optimization methodology, and the optimized design of the adaptive wing. The wind tunnel test setup is described in Sec. III, and the experimental aerodynamic results are presented in Sec. IV. Section V investigates the aeroelastic behavior of the wing, permitting to assess the accuracy and validity of the numerical predictions. Finally, Sec. VI discusses the integration of the morphing wings and of the auxiliary equipment on the airframe and presents the results obtained through the flight test.
II. Morphing Wing
The compliant morphing concept, depicted in Fig. 1 and briefly described in this section, was previously introduced and studied numerically by Molinari et al. [30] . It is based on chordwise deformations of the wing shape, a very effective technique for altering the local lift coefficient. In comparison with other typologies of wing morphing (e.g., wing twist and planform changes) the inertia of the displaced components is lower, potentially allowing for higher actuation speeds, given the same mechanical power, and therefore higher bandwidth. This is an aspect of considerable importance when using such devices as the primary controls of a plane.
Because the goal of this investigation is to demonstrate the capabilities of this morphing mechanism, a pair of adaptive wings based on the proposed concept was designed for a model airplane, with the aim of replacing its original wings with conventional ailerons. The compliant wings were manufactured with a length of 0.8 m (leading to a total wingspan of 1.75 m when mounted on the plane, due to the presence of the fuselage), and a wing chord of 0.3 m, which is slightly larger than the original wings (1.61 m span, 0.292 m chord).
The details of the presented concept are summarized in the following sections.
A. Structural Concept
The morphing wing concept used for the study is a semimonocoque construction, with the majority of its components realized in glass-and carbon-fiber reinforced plastic (CFRP). These design choices, typical of lightweight aeronautical constructions, were performed to achieve high structural efficiency for the wing.
In accordance with these principles, the front part of the wings consists of a D-nose wingbox. This component is not subjected to active deformations and has the task of carrying spanwise loads (mainly bending and torsion).
On the other hand, the rear part of the wing is actively deformed to achieve camber morphing. Shape changes are enabled by ribs that, unlike conventional rigid designs, are compliant in their plane. Their truss-like topology is determined by a numerical optimization, resulting in a structure that guides the active deformations while simultaneously withstanding external loads. Actuation energy is provided by piezoelectric MFC elements operating in bimorph configuration. Two compliant ribs surround each group of six piezoelectric actuators (two pairs on the upper side and one pair on the lower side of the airfoil). Overall, each wing features three ribactuators set, for a total of 18 MFCs (Smart Material M-8557-P1).
Owing to their mechanical properties and their appreciable thickness, comparable to the respective characteristics of the wing skin laminate, these elements contribute significantly to the loadcarrying capabilities of the wing. As a result, they behave as truly multifunctional devices, providing the necessary actuation and simultaneously fulfilling structural functions.
The final component constituting the wing is the corrugated skin located on the underside of the profile, close to its trailing edge. This part allows changes in the length of the airfoil perimeter, enabling achievement of aerodynamically advantageous shapes. Owing to its extreme compliance in chordwise extension and bending around the y axis (with the reference system as defined in Fig. 1 ), it does not hinder the intended morphing deformation. The stiffness in spanwise extension and in bending around the x axis, resulting from the corrugated geometry, provides load-carrying capability, transfers the pressure loads to the adjacent ribs, and distributes the active deformation provided by the actuators along the span. From an aerodynamic point of view, numerical and experimental studies on similar corrugations applied over the entire airfoil [31, 32] showed only limited increases in parasitic drag. Furthermore, during normal flight conditions, the airflow in the region of the corrugation is subjected to a favorable pressure gradient, limiting the likelihood of boundarylayer growth and separation and thereby reducing the aerodynamic impact of this element. Aiming to minimize the possible detrimental effects, this component was produced with the minimum possible corrugation radius (2.5 mm, manufacturing limit) and with the maximum corrugation depth (180 deg) to maximize the ratio between stiffness in the compliant and rigid directions.
B. Optimized Design
The ideal topology and structure featured by the obtained compliant ribs, defining the aeroelastic response of the wing, was determined by means of a numerical optimization [30] . The topology of the truss-like structure of the compliant ribs is parameterized using a Voronoi graph-based representation [33] , chosen for 1) its properties of returning feasible designs for practically any combination of design parameters, 2) its stability characteristics, and 3) its suitability to a large number of optimization techniques owing to its real, scalar input parameters.
With the aim of reducing the complexity of both the optimization and the manufacturing phase, all the compliant ribs share the same geometry. Similarly, the undeformed outer shape was fixed to the geometry of a NACA 0012 airfoil, to allow direct comparisons with other conventional and morphing solutions.
The goal of the multidisciplinary study is to maximize the achievable rolling moment coefficient ** at the speed of 30 m∕s and at the angle of attack that results in a wing lift coefficient (c L ) of 0.5 in symmetric flight, while simultaneously keeping to a minimum the increase in drag caused by this maneuver. Additionally, the wing design must satisfy structural and aeroelastic criteria. Its structure must be able to withstand, without buckling, the limit loads generated during a pull-up maneuver at the maximum achievable lift coefficient of 1.10 and dive speed of 30 m∕s, and the loads resulting from a roll maneuver at c L 0.5 performed at the dive speed. Furthermore, its flutter speed must be greater than 1.2 times the dive speed.
The two objectives -maximum controllability in roll and minimum drag increment -are combined by linear scalarization, and the constraints are imposed by means of linear and quadratic penalization terms.
The compliance of the morphing structure mandates the use of an analysis method capable of assessing the aeroelastic behavior of the wing. This is achieved by means of a bidirectional weakly coupled technique [30, 33] : the commercial software MSC Nastran is used as the structural solver, and the airflow is resolved by means of singularity-based three-dimensional (3-D) aerodynamic methods, namely an inviscid 3-D panel method [34, 35] for the first iterations, followed by a nonlinear extended lifting-line technique to account for viscous phenomena. Coupling between the two disciplines is achieved by exchanging boundary conditions: pressure fields obtained from the aerodynamic solver are imposed to the structural mesh, and the resulting displacements are used to update the aerodynamic model. This technique permits simulation of the static aeroelastic behavior of the wing, therefore enabling the evaluation of the aerodynamic performances of interest and the assessment of the structural response. Finally, an analysis method based on stationary aerodynamics and assumed mode shapes [36] is used to estimate the flutter speed of the structure. Despite the limitations resulting from these simplifications, it is deemed relevant to include flutter criteria in the optimization, because the structural compliance required for achieving large shape changes might lead to flutter-prone designs.
The result of the optimization, performed using covariance matrix adaptation evolution strategy (CMA-ES) [37] , is the rib design shown in Fig. 2 and the structure represented in Fig. 3 . The resulting design has a flutter speed of 36 m∕s (indicating that the flutter constraint is binding) and amply satisfies the structural (buckling) criteria. Concerning the rolling maneuver, the predicted rolling moment coefficient, obtained at a speed of 30 m∕s and at a lift coefficient of 0.5, is c roll 29.8 × 10 −3 . This value is within the range of rolling moment coefficients achieved by full-size passenger aircraft relying on conventional ailerons, typically between 0.006 and 0.04 [38] . As a result, the authority in roll is expected to be sufficient to guarantee the controllability of the aircraft.
III. Wind Tunnel Evaluation
The wind tunnel test campaign is performed with the aims of experimentally evaluating the aerodynamic and aeroelastic behavior of the wing and of assessing the validity of the tools used in the numerical analysis and optimization.
From an aerodynamic point of view, the characteristics that are investigated in the tests and compared with the numerical predictions are as follows:
1) the ability of the morphing structure to produce a rolling moment sufficiently high to guarantee the controllability of the airplane in roll (the primary goal of the study);
2) the capability to actively vary the lift at constant angle of attack, by deflecting the actuators in both wings in the same direction (similarly to conventional flaps);
3) the possibility of improving the wing efficiency by means of active shape deformations; and 4) the effect of the corrugation on the total drag of the wing. From a structural standpoint, the aims of the wind tunnel experiments are to evaluate the amplitude of the active deformation when subjected to airflow at different speeds, and to assess the absence of flutter at the design speed.
To evaluate these parameters, experimental tests were performed at different speeds and following different sequences of actuation and angle of attack variation. Two basic sequences were followed. The first test type is a sweep in angle of attack at a rate of 0.5 deg ∕s with constant actuation level. The second test type is a finite series of angles of attack (e.g., from −5 to 7.5 deg at steps of 2.5 deg), in which the actuation level is varied at each step. This choice was performed with the aim of mitigating the effects of experimental uncertainties, such as the unavoidable drift in the measurements of the wind tunnel balance.
It should be noted that the reference line for the angle of attack of the wing is orthogonal to the (comparatively) rigid wing spar, which in turn is parallel to the segment connecting the leading edge to the trailing edge of the undeformed profile. As a result, the angle of attack is unaffected by compliant deflections of the trailing edge.
A. Wind Tunnel Setup
The large, low-speed wind tunnel of the ETH Zurich was used to perform the aerodynamic experiments. This wind tunnel is characterized by an irregular octagonal test section, with a width of 3 m, a height of 2.1 m, and a length of 4 m, depicted schematically in Fig. 4 . The wing is positioned vertically in the wind tunnel, mounted in the so-called reflection-plane configuration; in this particular case, the floor of the wind tunnel represents the plane of symmetry. A sixdegrees-of-freedom balance of internal design [39] , based on piezoelectric load cells, captures the forces and moments acting on the wing, while the wind tunnel speed is assessed by means of a static pressure sensor ahead of the test chamber convergent. Pressure, forces, and moments are sampled at 100 Hz by means of an HBM MGCplus data acquisition system.
The turbulence level (T) in the test chamber [39] ranges between 0.68% rms at 10 m∕s and 0.62% rms at 30 m∕s, and the tests were performed at speeds of 10, 20, and 30 m∕s. Considering the chord of the wing c 0.3 m, the resulting Reynolds numbers (Res) are 185,500, 371,000, and 556,500, respectively.
The wing was tested at various angles of attack, and, in order to absolutely guarantee safe operations of the wing (and therefore of the wind tunnel), the maximum and minimum incidence was reduced at higher speeds to limit the loads on the wing. At 10 m∕s, the extreme angles of attack were −15∕ 15 deg, at 20 m∕s the bounds were lowered to −10∕ 15 deg, and at 30 m∕s the limits were further reduced to −5∕ 7.5 deg.
To measure the displacement field of the wing surface, a stereoscopic digital image correlation (DIC) system was used. Two 9 megapixel charge-coupled device (CCD) cameras (Allied Vision Prosilica GT3400) captured pictures of the wing upper surface, where a speckle pattern was applied. Correlation between the left and the right images, performed using Correlated Solutions VIC-3-D software, determines the position and displacement of the wing surface, measured on a grid of 290 × 99 points (respectively in spanwise and chordwise directions). The maximum standard deviation (1σ) in both the in-plane and out-of-plane directions is estimated by the software to be in the order of 1 × 10 −5 m.
B. Tunnel Corrections
Wall correction methods were applied to account for the different flow conditions found in an enclosed section test, in contrast to the ideal case of an unbounded airstream.
Following the approach presented by Barlow et al. [40] , the wall corrections for solid and wake blockage effects were performed (described in greater detail in Appendix A.1). Owing to the small blockage caused by the wing, characterized by a cross-sectional area of less than 0.5% of the wind tunnel test section, the effects of the solid and wake blockage corrections are extremely limited: the increment in velocity reaches a peak value of 0.31%.
The measured angle of attack (α M ) and the measured drag (c D M ) of the wing are affected by the interaction of the downwash with the wind tunnel walls. This phenomenon can be accounted for, and the corrections (described in
C. Equalization of Experimental and Numerical Test Conditions
The experimental results of the wind tunnel were compared with numerical assessments, performed using the aeroelastic analysis technique presented by the authors in Molinari et al. [30] and summarized in Sec. II.B. The aims are to evaluate the capabilities of morphing and to experimentally validate the aeroelastic analysis technique used in the design and optimization. To account for the turbulence level in the wind tunnel, the transition parameter n of the e n transition method was adjusted according to Mack [41] , using the formula n −8.43 − 2.4 lnT (1) with T representing the turbulence levels in the wind tunnel (obtained from literature, as mentioned in Sec. III.A). The presence of the corrugation was simulated by imposing a forced transition at its location on the lower side of the airfoil, due to the inability of the chosen aerodynamic solver XFOIL [42] to resolve the flow within the semicircular cavities. The rest of the wing surface was covered with a self-adhesive paper sheet, imprinted with the speckle pattern for the DIC. Consequently, the surface roughness of the wing was uniform and of limited magnitude, and therefore its effects on the flow were not further considered. A second correction, performed on the numerical model to account for the conditions experienced in the wind tunnel, is related to the symmetry of the experiment. In the wind tunnel, the wall at the root of the wing simulates a symmetry condition; rolling maneuvers, in which the ailerons are deflected anti-symmetrically, are therefore impossible to reproduce faithfully. To account for this phenomenon, which leads to higher discrepancies for wings of low aspect ratio, the numerical model was modified to simulate the case of both ailerons being symmetrically deflected. Consequently, the rolling moment coefficient measured in the wind tunnel for the currently investigated wings is overestimated on average by 17%.
† † In both the wind tunnel experiment and the numerical simulations, the achievable rolling moment is computed from the wing-root bending moments. intermediate station, closest to the trailing edge and located on the upper side of the wing). Due to the inability of repairing this element, it was disconnected from the high voltage circuit and its electrical terminals were shorted. To account for this structural modification, the finite element model used for the calculations was modified accordingly and used for the experiments in which only 17 piezoelectric patches were operative. In the following graphs, an asterisk in the legend denotes a test performed with the failed piezoelectric element.
IV. Aerodynamic Results

A. Lift Variation by Means of Active Morphing
Measurement of the lift produced by the wing with the actuators at different activation levels allowed for assessing the morphing capabilities in terms of active variation of lift coefficient. Similar to a conventional flap, morphing the compliant section results in an increase or decrease of the generated lift, without requiring a change in the angle of attack of the wing and therefore of the entire airplane. at different angles of attack is shown in Fig. 5b . Comparing the lift coefficient variation at different speeds, the effect of the aeroelastic interaction becomes evident: due to the increase in aerodynamic loads at higher speeds, the authority is reduced. The numerical predictions become closer to the experimental results when operating at higher speeds and therefore at higher Reynolds numbers. A possible source of discrepancies might be found in the simplifications inherent in the chosen fluid dynamic analysis method: the nonlinear extended lifting line is not able to accurately resolve three-dimensional viscous phenomena, because by design the viscous calculations are two-dimensional and performed in the airfoil plane. At low Reynolds numbers, the boundary layer growth and therefore its effects become more pronounced, resulting in the development of complex 3-D viscous effects.
In addition, Fig. 5b shows how, with increasing angles of attack, the achievable Δc L is reduced. The reason for this behavior is once more related to viscous aerodynamic phenomena: high angles of attack lead to a large unfavorable pressure gradient toward the rear of the profile. This situation is exacerbated by the introduction of additional curvature by means of morphing. The result is a thickening of the boundary layer on the suction side that alters the effective aerodynamic shape of the profile, thus reducing the efficacy of the additional curvature.
B. Rolling Moment Variations by Means of Active Morphing
The effects of varying the wing actuation level on the generated rolling moment coefficient can be assessed from Fig. 6 . In a similar way to the active lift coefficient variations, the authority of the proposed solution decreases at higher speeds and is lower than the numerical predictions, in particular for the slow-speed case. At higher speeds, the discrepancy between numerical predictions and experimental results is smaller, albeit more pronounced than the discrepancy in lift coefficient variation. In this respect, the errors can arise from the three-dimensionality of the airflow, which leads to a lift distribution different from the one predicted by the numerical method. It is important to note that the nonlinear extended lifting-line theory is not ideally suited for wings of such small aspect ratio but is nevertheless able to produce sufficiently accurate results.
Of primary interest is also the comparison with the wings originally supplied with the model airplane (labeled as "conv. ailerons" in Fig. 6 ). These wings are characterized by a comparatively large conventional aileron, spanning 54% of the wingspan and 21.5% of the chord (0.395 m × 0.063 m). Actuation is provided by a conventional servo actuator, whose control throw was set for the highest rate (upward and downward deflection of the control trailing edge of 12 mm, as per manufacturer specifications). With these settings, the ailerons are able to produce a sustained roll rate of 190 deg∕s at 26 m∕s during flight, an extremely high level of maneuverability. (In comparison, the roll rate of an F4U World War II fighter plane is 84 deg∕s at 103 m∕s [43] ; modern jet fighters achieve roll rates of 250 deg∕s.) In spite of the lower level of rolling moment produced by the morphing wings, more than sufficient maneuverability is achieved (the ratio between peak rolling moments for compliant and conventional wings at 10 m∕s is 0.66∶1). It must be noted that, with the complete utilization of the rated actuation capability (−500 to 1500 V) instead of the reduced voltage used during the test for reliability (−500 to 1050 V), the performance of the morphing wing would be increased by approximately 29%, yielding performance levels much closer to the ones of the original wings.
C. Effects of the Corrugation
The wind tunnel tests permitted the assessment of the aerodynamic impact of the corrugation on the lift and drag performance of the wing. The aerodynamic behavior of this element is simulated only in a simplified way in the nonlinear extended lifting line-based fluid dynamics analysis, namely the boundary layer on the lower side of the wing is forced to transition to turbulent at the position of the corrugation, and the corrugation is modeled as a flat element. This approach is dictated by the inability of XFOIL (and thus of the nonlinear extended lifting line) to solve the airflow around an element as complex as the profile with the corrugation. As a consequence, the impact of this element on the aerodynamic performance could not be fully assessed through the numerical studies.
As shown in Fig. 7a , the presence of the corrugation has a marginal impact on the lift coefficient at zero angle of attack ‡ ‡ : a decrease in c L of approximately 0.045 can be measured when the corrugation is temporarily covered with a flat metal foil. The stall behavior appears identical for the case with the corrugation covered and uncovered. Figure 7b allows to assess the magnitude of the additional drag caused by the corrugation. Compared to the profile with the corrugation covered, the wing with the corrugation visible to the airflow has a higher zero-lift drag (c D0 ), increasing it by 11.2% at 10 m∕s and by 11.4% at 20 m∕s. At higher lift coefficients, the impact of the corrugation becomes less evident. In contrast, at negative lift coefficients, its effects remain visible: being located in a zone with adverse pressure gradients, it has the potential of significantly affecting the boundary layer growth.
To prevent these phenomena, the corrugation could be covered. A possible candidate is an elastomeric sheet, pre-stretched in the chordwise direction and bonded to the crests of the corrugation to enable it to follow the airfoil shape when subjected to concave curvatures. A second alternative is the utilization of extremely anisotropic corrugations, covered by reversible electrically bonded sheets [44, 45] .
D. Effects of Morphing on the Wing Efficiency
One important aerodynamic assessment that can be performed on the morphing wing is the ability to vary the lift while maintaining high levels of aerodynamic efficiency (ratio between lift and drag). Figure 8a represents the lift coefficient versus the drag coefficient (drag polar) for the morphing wing at a speed of 10 m∕s and at different actuation levels. The curve was obtained by varying the angle of attack at discrete steps (from −15 to 15 deg with steps of 2.5 deg), with subsequent variations of the actuation level at every angle of attack. In this occasion, the wing was operated with all the piezoelectric elements but limiting the actuation voltage between −500 and 750 V for reliability reasons.
The effect of morphing is mostly a movement of the operating point along the drag polar of the unactuated profile. Figure 8b shows that some actuated configurations, characterized by jc L j > 0.4, have a higher efficiency than the undeformed wing (points highlighted with a different background). For every angle of attack, the optimal actuation level therefore could be identified and used during the flight, allowing for an increase in efficiency with respect to the undeformed profile. The benefits become more relevant in regions characterized by relatively high lift coefficients, because the symmetric profile performs at its best, by design, at c L 0.
V. Aeroelastic Results
During the wind tunnel experiments, the displacement field of the entire wing surface was recorded using a DIC system. Of primary interest is the out-of-plane displacement caused by both active and passive aeroelastic deformations. Figure 9 compares graphically the peak-to-peak active deformation of the numerical and the experimental models, obtained by activating the piezoelectric elements with negative and positive voltages of −500 V and 1050 V, without the presence of the airflow.
For clarity and ease of interpretation, the vertical displacement was evaluated along a line, in the spanwise direction, at 11.25 mm from the trailing edge. Figure 10a shows the active displacement achieved at different airspeeds, with the airfoil at an angle of attack of 0 deg. In this curve, the effects of manufacturing imperfections can be seen in the asymmetry of the displacement obtained at a speed of 0 m∕s with respect to the wing half span (0.4 m). The probable cause is a thick bond line between the fourth compliant rib (counting from the root) and the skin, locally increasing the stiffness and resulting in lower active displacements. The aeroelastic effects are also clearly visible, with higher speeds leading to a decrease in the active displacement obtainable with morphing.
Variations of the angle of attack have an impact on the achievable active deflection, shown in Fig. 10b : the numerical calculations, and the experimental results for negative angles of attack, show a marked increase in the achievable displacement. The reason for this behavior is explained in Sec. IV.A: the boundary layer on the corrugation, especially when subjected to unfavorable pressure gradients (i.e., at negative angles of attack) becomes thicker, effectively reducing the curvature perceived by the potential flow. This, in turn, reduces the local pressure difference across the upper and lower side of the profile, allowing for larger displacements. An interesting phenomenon warrants further investigations: the predicted displacement is lower than the achieved displacement at b) Drag polar Fig. 7 Effects of the corrugation on the aerodynamic performance. ‡ ‡ It must be noted that all the graphs for the wing with the corrugation consider the zero angle of attack as the one producing zero lift.
higher flight speeds, but the resulting estimated variation in lift coefficient (Fig. 5b) is higher than the measured one.
Finally, the passive aeroelastic effects can be assessed by evaluating the average displacement of the trailing edge at different speeds and angles of attack (Fig. 11) . The capability of the aeroelastic analysis method of properly considering the fluid-structure interactions is highlighted by the close match between predicted and experimentally measured deflections.
VI. Flight Test
By operating the demonstrator in a realistic environment, its actual capabilities and functionality can be evaluated. This assessment requires the installation of the high voltage power and control electronics onboard the UAV; completely untethering the experiment is clearly a necessary requirement. The robustness, reliability, and dependability of both mechanical and electronic designs become critical aspects, because real-world conditions are harsher than the laboratory installation.
Quantitative information on the airplane behavior was gathered during the flight by acquiring and storing data related to the airplane attitude and control inputs. Despite the impossibility of performing direct performance comparisons with the original wings due to different wing surfaces, moments of inertia, and the presence of failsafe equipment, the acquired data showcases the capabilities and the potential of the proposed morphing technique. Fig. 10 Active displacement of the rearmost section of the wing (at 11.25 mm from the trailing edge).
b) Average active deflection as a function of angle of attack, at different airspeeds
A. Fail-Safe Devices
To prevent catastrophic consequences in the event of electronic, electrical, or mechanical failure of the morphing system, a fail-safe mechanism was developed. Two auxiliary ailerons of conventional design and actuation can provide additional controllability in roll. These elements, fitted to the plane for its maiden flight, were used primarily for the takeoff and landing phases, which are potentially critical due to the limited available altitude and slow speed.
The removable auxiliary ailerons, described in greater detail in Appendix B and the figure therein, are mounted at the tip of the compliant wings to generate maximum rolling moments. With the same purpose, the moveable surface is very large in comparison to conventional ailerons, occupying 50% of the chord. The addition of a width of 250 mm on each side of the wing brings the plane's overall span to 2.25 m.
B. Equipment Integration
To provide the required electrical energy to the piezoelectric actuators and to control their operations, a high voltage morphing control system was developed and integrated in the plane. This device can account and compensate for the nonlinear hysteretic behavior of the piezoelectric actuators through a closed-loop feedback controller based on measurements of the active strain [30] , and it achieves a bandwidth of approximately 5 Hz with an amplitude reduction of 1.2 dB. These capabilities were not achievable with off-the-shelf solutions, which are characterized by limited power outputs, in turn leading to the impossibility of actuating a large number of piezoelectric elements at a sufficiently fast rate. The details of the proposed implementation and the assessment of its performance are outside the scope of this paper and will be presented in a subsequent technical publication.
To measure the airspeed, a pitot tube is installed on the plane (shown in Fig. 12 ). This component is mounted, together with the pressure sensor, on the right wingtip. Finally, an aerodynamic fairing based on a stretched solid of revolution covers these components and completes the wingtip.
An inertial measurement unit (IMU), fitted on the UAV, reconstructs the attitude, speed, and position of the plane. By storing these parameters, together with information related to the control inputs, the entire mission can be precisely recorded. These operations are performed by the miniaturized autopilot system 3DR Pixhawk, featuring three-axis accelerometers and gyroscopes, a magnetometer, a barometric pressure sensor, and a GPS unit. Additionally, the airspeed is measured by the pitot tube, calibrated during the wind tunnel experiments described in Sec. III. Data fusion and attitude reconstruction is performed by an extended Kalman filter, programmed in the off-the-shelf autopilot. Real-time transmission of the telemetry data, a feature initially planned mainly to monitor the airspeed during the flight, was not possible, because the wireless transmitter caused significant interference to the strain gauge amplification and sensing circuit. This equipment was mounted in the payload bay of the plane, as shown in Fig. 13a .
C. Flight Test
The assembly and integration phase led to the final configuration of the airplane, shown in Fig. 13b , completed with fail-safe ailerons, high voltage morphing control system, and onboard data acquisition equipment. Because of the large number of added components, the total mass grew from 3.8 to 7.3 kg. Despite this significant mass increase, the stall speed increased only by ∼15%, from 11.3 to 13.1 m∕s (well within the capabilities of the airframe), owing to the larger wingspan. The flight controls in the tail empennage were left unaltered, because they demonstrated high authority in previous flights performed with the original wings.
During the 8-min-long flight, a number of maneuvers were performed to assess the responsiveness of the airplane, both with and without the auxiliary ailerons activated. The plane reached speeds up to 28.5 m∕s and sustained load factors of 3.37g, both conditions within the design limits. The onboard footage, provided as Supplementary Material to this paper, showed complete absence of vibrations of the wing components; additionally, it highlighted how the compliant section maintained the commanded deflections throughout all flight conditions. Controllability in roll was sufficient to permit a safe flight, even with the auxiliary ailerons switched off. As the maximum achievable rolling moment coefficient decreases with increasing roll rates, due to roll damping, its peak is attained in the initial instant of the maneuver, assuming instantaneous deflection of the control surfaces. The inability to achieve instantaneous deflections, together with the impossibility of directly measuring angular accelerations (the gyroscopes in the IMU measure angular rates) and the quick roll dynamics of the plane, prevent direct assessment of the rolling moment coefficient.
The presence of the auxiliary ailerons, increasing the roll damping due to their comparatively large surface and long moment arm, significantly reduces the roll rate with respect to the "clean" configuration. Nevertheless, using exclusively the morphing surfaces, the airplane achieved a maximum sustained roll rate of 17.6 deg∕s at a speed of 21.55 m∕s (Fig. 14a shows the relevant telemetry data for a segment of the flight), compared with a roll rate of 36.25 deg∕s at a speed of 18.8 m∕s obtained by simultaneously using both the morphing surfaces and the auxiliary ailerons (Fig. 14b) .
Owing to the performance provided by the morphing wings, the flight was carried out without difficulties, reaching bank angles up to 80 deg in a controlled manner. Removal of the auxiliary ailerons would have increased even further the maneuverability obtainable exclusively by wing morphing, thanks to the lower rotational inertia of the airplane and the reduced roll damping.
The ability to operate and perform reliably in the considered range of speeds is a clear indication of the capabilities and maturity of the solution.
The experimental validation emphasized additional benefits offered by the proposed design. Assembling the fail-safe ailerons, based on conventional, discrete machine elements (bearings, hinges, shafts, couplings, etc.), revealed the ubiquitous presence of mechanical plays. Redesign and remanufacturing of the components with tighter tolerances were required to achieve a satisfactory level of performance. Addressing this issue was furthermore not always possible: despite the reduced number of components in the actuation linkage, the aileron tip had approximately 2 mm of play, ultimately caused by the off-the-shelf servo motor.
Conversely, the morphing system, manufactured with the same accuracy and tolerances as the first parts for the fail-safe ailerons (replaced due to the aforementioned looseness), showed zero play and did not require any further adjustment. This characteristic, intrinsic to compliant structures actively deformed by distributed solid state actuators, enables long-term operations without requiring programmed maintenance. Owing to the absence of reciprocally moving parts, there is virtually no wear, hence no need to compensate for slacks and plays in the system, to replace worn-out components, or to lubricate the various elements. Operations in harsh environments (e.g., in presence of abrasive dust) does not affect the morphing system, whereas a conventional solution would require significant modifications or increased maintenance.
VII. Conclusions
This article presents the results of wind tunnel, mechanical, and flight tests performed on a morphing wing concept based on compliant mechanisms and actively deformed by piezoelectric actuators.
The working principle of the concept is introduced, and the characteristics of its constitutive elements are described. The ideal design of the wings compliant structure is the result of a numerical multidisciplinary optimization, aimed at maximizing the controllability in the roll axis exclusively by means of active morphing.
A campaign of experimental assessments is performed to demonstrate the capabilities of the morphing concept and to validate the aero-servoelastic design tools developed for the optimization: wind tunnel tests, executed at different combinations of speeds, angles of attack, and actuation levels, permitted to measure the resulting aerodynamic forces and moments. Wall correction methods, accounting for downwash effects, and solid and wake blockage, are presented and used to correct the wind tunnel measurements. The performance of the morphing wing is assessed, leading to the following conclusions: 1) Active deformations lead to rolling moment coefficients between 0.03 at 10 m∕s and 0.021 at 30 m∕s, despite operating at a reduced actuation voltage range (23% lower than the rated maximum) to mitigate the possibility of failure in the piezoelectric actuators. A higher rolling moment coefficient could be achieved if the full actuation capabilities of the piezoelectric actuators could have been exploited, as confirmed by the numerical simulations performed with the validated aeroelastic analysis tool. In comparison, the original wings based on conventional ailerons reached a rolling moment coefficient of 0.044 at the same conditions. The closeness of the obtained values indicates that the roll rates achievable with the morphing wing without fail-safe ailerons is of a similar order as the one achievable by the conventional wings, which can achieve a sustained roll rate of 190 deg∕s at 26 m∕s.
2) By activating the embedded actuators, variations in lift coefficient up to Δc L 0.269 at 10 m∕s and α 0 deg can be achieved. These lift coefficient variations are equivalent to a change of angle of attack up to 1.9 deg. Increased speeds reduce the achievable lift coefficient variation by 15% at 20 m∕s and by 28% at 30 m∕s.
3) Conformal shape changes do not penalize the drag of the wing, and they mostly result in a movement of the operating point along the drag polar of the unactuated profile. This result is obtained for a maneuver not included in the optimization, highlighting the flexibility offered by morphing.
Concerning the aerodynamic efficiency, higher gains are expected by considering the entire aircraft: the contribution of other elements of the plane, such as the fuselage and the tail empennage, to the aerodynamic resistance is dependent on the angle of attack. Owing to the possibility, enabled by the morphing wings, of varying the lift without changing the incidence of the airplane, the vehicle can be flown at the ideal angle of attack, minimizing the total drag by means of this additional degree of freedom. This capability further highlights the potential benefits achievable with morphing, even for aircraft operating in a reduced number of flight conditions.
Experimental measurements were also decisive to evaluate the impact of the corrugation on the aerodynamic behavior of the wing, not easily quantifiable with numerical techniques. The tests highlighted a moderate increment in zero-lift drag with respect to a completely smooth airfoil and a marginal increase in lift at constant angle of attack, with no repercussions on the stall behavior. This could be addressed by covering the corrugation with a pre-stretched elastomeric film, restoring a smooth aerodynamic surface.
Simultaneous to the aerodynamic measurements performed during the wind tunnel test campaign, a stereoscopic DIC technique was used to identify the shape of the wing under the influence of the airflow and of the active deformation. The combined measurements enabled the assessment of the accuracy (compatibly with the techniques used) and confirmed the validity of both aerodynamic and structural methods used in the multidisciplinary analysis and optimization.
Backed by the test results and following the fitting of the wings and of the auxiliary fail-safe ailerons on the UAV demonstrator, a flight test was performed. This demonstrated, under realistic operating conditions, the capacity of producing control moments widely sufficient to guarantee the controllability and maneuverability of the plane exclusively through morphing, and showed unequivocally the potential of the proposed morphing wing design.
The morphing system, for the dimensions, speeds, and operating conditions considered in this study, therefore can be regarded as having reached a high Technology Readiness Level, § § because its functionality and performance were proven in an operational environment. The benefits it enables are improved aerodynamic efficiency, reduced manufacturing complexity, lower maintenance, and better suitability to harsh environments. In comparison with conventional solutions, relying on discrete elements and multiple electromechanical servo motors to achieve similar functionality, the proposed morphing system is expected to provide advantages also in terms of overall mass, given the possibility of miniaturizing the high voltage power supply and control systems.
It is possible to envision the utilization of the proposed morphing concept also for rotor-blade applications, adequately sized for the different design criteria and load cases experienced. For the specific case of wind turbine blades, different onflow conditions are caused by turbulent wind fields and the presence of wind shear. These variations [46] can be actively compensated through morphing, owing to the amplitude of the obtained deflections and to the actuation bandwidth, resulting in a reduction in peak and fatigue loads [47] .
Appendix A: Wind Tunnel Corrections
As described in Sec. III.A, the wind tunnel test campaign was performed using the reflection-plane method [48] , with the floor of the wind tunnel representing the plane of symmetry. All corrections are thus performed accordingly, and the geometrical parameters are updated to reflect this assumption.
A1 Solid and Wake Blockage
The increment in velocity and dynamic pressure caused by the blockage is accounted for with the correction terms
with the subscript M indicating the measured values. The total blockage ε T is the sum of solid and wake blockage:
The body shape factor constant K 1 1.006 and the factor related to the shape of the wind tunnel test section and to the model span to wind tunnel width ratio τ 1 0.855 are obtained from Barlow et al. [40] . Further parameters are the wing volume v, the wing surface S, the wind tunnel test section cross-sectional area C, and the measured drag coefficient c D M .
A2 Interaction with Walls
The measured angle of attack α M and the measured drag c D M of the wing are affected by the interaction of the downwash with the wind tunnel walls, according to the formulas
with the factor δ 0.1174 related to the wing geometry, wind tunnel geometry, and ratio of model span to tunnel width, as stated by Barlow et al. [40] .
inner side of each trailing-edge rib (indicated with a dashed line in Fig. A1a ). Actuation is provided by an off-the-shelf electronic servo motor (Futaba S3072HV), displacing the moveable part by means of a servo rod connecting the servo arm to the aileron horn protruding in the airflow (Fig. A1b) . The total displacement of the aileron tip reaches up to 22.5 mm, guaranteeing abundant roll authority. The fail-safe ailerons are mounted on the morphing wings by sliding a CFRP beam in a hole bored in the wing leading edge ribs. The beam transfers shear forces and bending moments, whereas the rotation is prevented by an extension of the leading edge skin, overlapping the wing skin by 1 cm. Outward sliding (in the spanwise direction) of the auxiliary ailerons is prevented by a polymer-based braided cable, spanning the entire width of the plane and tightly connecting both ailerons.
From a structural point of view, the morphing wings were designed to operate without fail-safe ailerons and are tested accordingly. The addition of the auxiliary ailerons, however, significantly increases the loads, in particularly the critical root bending moment. To achieve the required load-carrying capability, the lift struts of the original wings were therefore retrofitted to the morphing wings. 
